Glucagon-like peptide-1 (GLP-1) is produced in the ileum and the nucleus of the solitary tract. It is well known that GLP-1 controls food intake, but there is a growing literature indicating that GLP-1 also is involved in fluid intake. It is not known, however, if the observed effects are pharmacological or if endogenous GLP-1 and its receptor contribute to physiological fluid intake control. Accordingly, we blocked endogenous GLP-1 by application of a receptor antagonist and measured subsequent drinking. Furthermore, we measured changes in GLP-1-associated gene expression after water intake, and compared the effects of fluid intake to those caused by food intake. Rats injected with the antagonist exendin-9 (Ex-9) drank more fluid in response to either subcutaneous hypertonic saline or water deprivation with partial rehydration than did vehicle-treated rats. Analysis of licking behavior showed that Ex-9 increased fluid intake by increasing the number of licking bursts, without having an effect on the number of licks per burst, suggesting that endogenous GLP-1 suppresses fluid intake by influencing satiety. Subsequent experiments showed that water intake had a selective effect on central GLP-1-related gene expression, unlike food intake, which affected both central and peripheral GLP-1. Although water and food intakes both affected central GLP-1-relevant gene expression, there were notable differences in the timing of the effect. These results show a novel role of the endogenous GLP-1 system in fluid intake, and indicate that elements of the GLP-1 system can be engaged separately by different forms of ingestive behavior.
Introduction
Glucagon-like peptide-1 (GLP-1) is well known to play a role in the control of food intake (Tang-Christensen et al., 1996; Schick et al., 2003; Chelikani et al., 2005; Williams et al., 2009; Hayes et al., 2011) , but its role in other ingestive behaviors has received considerably less attention. Previous studies have shown that GLP-1 reduces drinking behavior in rats and humans (Navarro et al., 1996; Tang-Christensen et al., 1996; Wang et al., 1998; Gutzwiller et al., 2006; McKay et al., 2011; McKay and Daniels, 2013) , but to the best of our knowledge, no study has focused on the role of endogenous GLP-1 in fluid intake or the effect that fluid intake has on the GLP-1 system. Likewise, our understanding of the relevant populations of GLP-1-producing cells remains incomplete.
GLP-1 is produced by two primary sources, the L-cells within the intestine and neurons in the hindbrain, mostly in the nucleus of the solitary tract (NTS; Jin et al., 1988; Mojsov et al., 1990; Larsen et al., 1997; Merchenthaler et al., 1999; Holst, 2007) . Both of these populations have been implicated in the control of food intake. The presence of nutrients in the gut stimulates release of intestinal GLP-1 into circulation (Elliott et al., 1993; Orskov et al., 1996) , whereas meal intake increases cFos in hindbrain GLP-1-positive cells (Kreisler et al., 2014) , and hypothalamic GLP-1, presumably of hindbrain origin, is decreased by fasting . Analogous studies focusing on fluid intake, however, have not been conducted.
The present experiments used two main approaches to address the open questions regarding the role of endogenous GLP-1 in the control of fluid intake and the engagement of the GLP-1 system by ingestive behaviors. First, we tested the effect of central administration of the GLP-1R antagonist, exendin-9 (Ex-9), on water and saline intakes to test the hypothesis that endogenous GLP-1 controls stimulated fluid intake. Second, we examined the effect of water deprivation, with and without subsequent intake, on circulating GLP-1, and on expression of the GLP-1 precursor protein, proglucagon, and GLP-1R in the ileum and NTS to test the hypothesis that perturbations of fluid intake affect endogenous GLP-1. Moreover, a subset of the experiments focusing on fluid intake was conducted in parallel with experiments that focused on food intake to provide an evaluation of the specificity of the response for either fluid or food intakes. Generally, the results support a role of endogenous GLP-1 in the control of fluid intake and indicate that fluid and food intakes differentially engage the GLP-1 system.
Materials and Methods

Animals
Adult male Sprague Dawley rats (325-349 g) were purchased from Harlan Laboratories. Rats were housed in stainless steel wire mesh cages (Unifab) in a temperature-and humidity-controlled room and maintained on a 12 h light/dark cycle. Animals were given ad libitum access to standard rodent chow and water except where noted. All experimental protocols were approved by the Institutional Animal Care and Use Committee of the State University of New York at Buffalo, and the handling and care of animals was in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals.
Cannula implantation and placement verification
Rats in Experiments 1 and 2 were implanted with a chronic indwelling cannula aimed at the lateral ventricle (LV). Subjects were anesthetized with an intramuscular injection of ketamine (70 mg/kg; Fort Dodge Animal Health) and xylazine (5 mg/kg; Lloyd Laboratories) before being secured in a stereotaxic apparatus and receiving a subcutaneous injection of carprofen (5 mg/kg; Pfizer Animal Health). A small burr hole was made in the skull and a guide cannula (26 gauge; Plastics One) was lowered to 0.9 mm posterior and 1.4 mm lateral to bregma, and 1.8 mm ventral to dura. The guide cannula was secured using bone screws and dental cement. Cannula placement was verified a minimum of 5 d after surgery by testing the drinking response to an injection of angiotensin II (10 ng). Rats that drank a minimum of 6 ml of water were included in the experiments.
Drug injections and intake measures
Injections were made with a 33 gauge injection cannula that was connected to a 2 l Hamilton syringe via flexible PE-50 tubing. Injection cannulae were held in place for ϳ30 s after each injection. Water and saline bottles were weighed immediately before and after testing periods. Total fluid intake was calculated by taking the difference of the pre-and post-bottle weights. Licking behavior was recorded using a contact lickometer (designed and constructed by the University of Pennsylvania Psychology Electronics Shop). The lickometer interfaced with a computer using an integrated USB digital I/O device (National Instruments) and data were acquired and processed in a MATLAB (The MathWorks) software environment. Bottle spouts were behind an electrically isolated metal plate with a 3.175 mm wide opening through which the rat needed to lick to reach the spout, minimizing the possibility of nontongue contact with the spout. Rats were habituated to the modified bottle arrangement for at least 5 d.
Blood and tissue collection
Rats were anesthetized with isoflurane (Piramal Critical Care) for 90 s, decapitated, and blood and tissue samples were collected immediately. Trunk blood was collected in a 4 ml K2 ETDA 7.2 mg vial with aprotinin (500 kIU/ml) and diprotin A (34 g/ml) and centrifuged at 1300 g for 10 min. Plasma was stored at Ϫ80°C until GLP-1 content was measured by ELISA (ALPCO). Samples of ileum consisted of the centimeter of intestine before the ileocecal junction. Ileum samples were removed, cut lengthwise, and rinsed with PBS. While ileum samples were collected, another investigator simultaneously removed the brain and all tissue samples were flash frozen in 2-methylbutane on dry ice and stored at Ϫ80°C. qPCR NTS samples were taken by cutting the tissue into 300 m sections before 2 mm bilateral punches were taken, which included the NTS at the level of the area postrema. Real-time qPCR was used to assess proglucagon and GLP-1R mRNA in the ileum and NTS. Purified RNA, including a deoxyribonuclease step (MicroElute Total RNA Kit; Omega Bio-Tek) was used to prepare cDNA (iScript cDNA synthesis kit; Bio-Rad). qPCR was performed on 1000 ng of RNA from the NTS and 3000 ng of RNA from the ileum with an iCycler (Bio-Rad) using iQ SYBR Green Supermix (Bio-Rad) according to the manufacturer's instructions. Primer sequences were as follows: proglucagon sense, 5Ј-ACCGCCCTGAGAT-TACTTTTCTG-3Ј, antisense, 5Ј-AGTTCTCTTTCCAGGTTCACCAC-3Ј, GLP-1R sense, 5Ј-CCGGGTCATCTGCATCGT-3Ј, antisense, 5Ј-AG TCTGCATTTGATGTCGGTCTT-3Ј, GAPDH sense, 5Ј-AACGACC CCTTCATTGAC-3Ј, antisense, 5Ј-TCCACGACATACTCAGCAC-3Ј, 18S sense, 5Ј-CACGGGTGACGGGGAATCAG-3Ј, antisense, 5Ј-CCGG TCGGGAGTGGGTAATTTG-3Ј.
Experimental designs
Experiment 1: effect of LV Ex-9 on the drinking response to subcutaneous hypertonic saline. Approximately 2 h after lights on, food and water were removed and experimentally naive rats (n ϭ 11) received an injection of Ex-9 (100 g in 2 l; dose based on work by Meeran et al., 1999) or vehicle (0.9% NaCl) into the LV immediately before a subcutaneous injection of 2% lidocaine (0.1 ml) followed by hypertonic saline (2 ml/kg body wt; 1 M NaCl) or a control injection (2 ml/kg body wt; 0.9% NaCl). Water, but not food, was returned 30 min after the subcutaneous injection of hypertonic saline. Drinking behavior was recorded for 2 h. A repeated-measures design was used with each rat acting as its own control. There were at least 4 d between experimental days, and order of treatment was counterbalanced.
A separate group of rats, naive to the experimental conditions, was implanted with LV cannulae. At least 5 d after verification of proper cannula placement, rats were either given an LV injection of vehicle (2 l 0.9% NaCl) or uninjected immediately before rats in both groups received a subcutaneous injection of 2% lidocaine (0.1 ml) followed by hypertonic saline (2 ml/kg body wt; 1 M NaCl; n ϭ 6). A counterbalanced repeated-measures design was used so that all rats were included in both vehicle-injection and uninjected conditions.
Experiment 2: effect of LV Ex-9 on the drinking response to water deprivation-partial rehydration. Experiment 1 was designed to test for effects of the GLP-1R antagonist on water intake and, therefore, used a stimulus that more selectively increases water intake. To test for an effect of Ex-9 on saline intake, we used a water deprivation-partial rehydration (WD-PR) paradigm similar to those used previously (Sato et al., 1996; McKay and Daniels, 2013) . To this end, experimentally naive rats (n ϭ 15) were habituated to ad libitum access to both water and 1.5% NaCl for a minimum of 7 d before testing. Approximately 2 h after lights on, fluids were removed from half the rats, and remained unavailable for 24 h. On test day, food was removed, and water was returned for 90 min. Rats were then given an LV injection of Ex-9 (100 g in 2 l) or vehicle (0.9% NaCl). Access to water and 1.5% saline was allowed 30 min after the LV injection and drinking behavior was measured for 2 h. A repeatedmeasures design was used with each rat acting as its own control. There were at least 4 d between experimental days, and order of treatment was counterbalanced.
Experiment 3: effect of water deprivation with and without subsequent water intake on circulating GLP-1. Beginning ϳ1 h before lights off, subjects were deprived of water for 24 h, after which food was removed and rats were given access to water for 0 min, 10 min, or 30 min before blood collection. A separate control group was not water deprived before blood collection. Trunk blood was collected and plasma GLP-1 was analyzed (see above, Blood and tissue collection).
To assess whether circulating GLP-1 was similar after water or food intake, we examined the effect of nutrient intake after food deprivation on plasma GLP-1. This experiment was conducted in two separate groups of rats. Group 1 was given a pre-exposure to Ensure nutrition shake (original vanilla) ϳ3 d before the start of the experiment. Rats in Group 2 were exposed to one cycle of 24 h food deprivation followed by access to Ensure immediately before lights out. A minimum of 3 d later, rats in both groups were food deprived for 24 h (beginning ϳ1 h before lights off), and then given access to Ensure for 0 min or 30 min before blood collection. Trunk blood was collected and GLP-1 content in plasma was analyzed (see above, Blood and tissue collection). Rats in this experiment had been used in unrelated pilot experiments no less than 1 week before Experiment 3 began.
Experiment 4: effect of water or food deprivation with and without subsequent intake on proglucagon and GLP-1R mRNA. Rats were water deprived for 24 h, after which food was removed and water was made available for 0 h, 0.5 h, 1.5 h, or 4 h before tissue collection. Additional rats were deprived of food for 24 h, after which standard chow was made available for 0 h, 1.5 h, or 4 h before tissue collection, and water remained available during this time. A separate group of rats was not water or food deprived before tissue collection and was used as a control for separate analyses for the water and food studies. All rats were decapitated and tissue was removed and processed for proglucagon and GLP-1R mRNA (see above sections, Blood and tissue collection and qPCR). One outlier, defined as Ͼ2 SDs away from the mean, was removed from the 1.5 h NTS proglucagon water-access group, the 4 h NTS proglucagon food-access group, and one from the 4 h ileum proglucagon food-access group. Rats in this experiment had been used in unrelated pilot experiments no less than 1 week before Experiment 4 began.
Data analysis
Total fluid intake in Experiments 1 and 2 was calculated as the pretest bottle weight minus the post-test bottle weight. For analysis of licking behavior, a burst was defined as a group of at least two licks with a maximum interlick interval of 1 s (burst criteria was based on Spector et al., 1998) . Subjects that did not have at least one burst were included in the analysis of burst number, but excluded from the analysis of burst size. qPCR data for each subject was calculated by the ⌬⌬CT quantification method and normalized to the expression of a housekeeping gene. NTS samples were normalized to GAPDH and ileum samples were normalized to 18S. All conditions then were expressed as a percentage of control. Hypothesis testing was performed using Statistica (StatSoft). Two-way repeated-measures, ANOVA, one-way ANOVA, or Student's t tests were used as appropriate. Statistically significant effects ( p Ͻ 0.05) were further analyzed using Newman-Keuls post hoc tests.
Results
Experiment 1: effect of LV Ex-9 on the drinking response to subcutaneous hypertonic saline Previous studies showed that GLP-1R activation decreases water intake (McKay et al., 2011; McKay and Daniels, 2013) . To test for a role of endogenous GLP-1 in the response to a dipsogenic challenge, we gave injections of the GLP-1R antagonist, Ex-9, or vehicle to rats that were stimulated to drink by injection of hypertonic saline. LV injection of Ex-9 increased water intake regardless of saline condition (n ϭ 11). Analysis of total water intake revealed a main effect of LV Drug ( Fig. 1A; F (1,10) ϭ 33.53, p ϭ 0.0002), as well as a main effect of Subcutaneous Saline (F (1,10) ϭ 60.28, p ϭ 0.00002) indicating that Ex-9 or SC hypertonic saline each increased drinking. We did not, however, find a statistically significant interaction (F (1,10) ϭ 1.07, p ϭ 0.33).
To evaluate the behavioral differences that corresponded to the changes in intake, we analyzed drinking microstructure. Analysis with ANOVA found a main effect of LV Drug (F (1,10) ϭ 18.67, p ϭ 0.002) and a main effect of Subcutaneous Saline (F (1,10) ϭ 8.31, p ϭ 0.02) on burst number (Fig. 1B) . In contrast, there was no reliable effect of LV or subcutaneous treatment on burst size ( Fig. 1C; F (1,6) ϭ 0.41, p ϭ 0.55; F (1,6) ϭ 1.88, p ϭ 0.22, respectively).
It has been proposed that the actions of GLP-1R blockade are at least partially mediated by removal or attenuation of an intakesuppressing stress response (Maniscalco et al., 2012) . This hypothesis requires that the experimental conditions alone (e.g., the injection) suppress intake. Accordingly, we tested for any stressinduced hypodipsia resulting from the LV injection in the paradigm used in Experiment 1 by comparing the drinking response in subjects given an injection of vehicle into the LV to rats given no injections (n ϭ 6). We found no effect of the LV injection on fluid intake ( p ϭ 0.95; Fig. 1D ).
Experiment 2: effect of LV Ex-9 on the drinking response to WD-PR To test the hypothesis that the effect of Ex-9 observed in Experiment 1 extends to saline intake, we used injections of Ex-9 in a WD-PR test (n ϭ 15). Similar to the findings in Experiment 1, injections of Ex-9 increased both water and saline intakes regardless of condition ( Fig. 2A) . Repeated-measures ANOVA on saline intake revealed significant main effects of LV Drug (F (1,14) ϭ 34.04, p ϭ 0.00004) and Fluid Status (F (1,14) ϭ 35.03, p ϭ 0.00004), without a statistically significant interaction. Although the WD-PR protocol produces only a small amount of water intake during the testing period, and is therefore not the main focus of this procedure, data analysis revealed main effects of LV Drug (F (1,114) ϭ 71.58, p ϭ 0.000001) and Fluid Status (F (1,14) ϭ 5.92, p ϭ 0.03) on water intake during the test (Fig. 2B) , indicating that Ex-9 increased water intake in both deprived and nondeprived rats. Effect of Ex-9 on water intake stimulated by hypertonic saline. Rats (n ϭ 11) received a subcutaneous injection of isotonic saline (white bars) or hypertonic saline (black bars), before an LV injection of vehicle or Ex-9. A repeated-measures design was used so that all rats received all four treatment conditions, in balanced order, with at least 4 d between treatments. A, Treatment with Ex-9 increased total water intake during the 2 h test in all rats regardless of saline treatment. B, Treatment with Ex-9 increased the number of licking bursts during the 2 h test. C, Treatment with Ex-9 had no effect on the number of licks per burst. D, An LV injection of vehicle (Veh) did not affect fluid intake in rats given subcutaneous hypertonic saline. Asterisks indicate a main effect of Ex-9 versus vehicle ( p Ͻ 0.05).
To determine whether a change in burst number or burst size mediated the increased saline intake, lick patterns were analyzed and revealed an effect consistent with the findings of Experiment 1 (Fig. 2C,D) . Specifically, repeated-measures ANOVA revealed main effects of LV Drug (F (1,14) ϭ 14.92, p ϭ 0.002) and Fluid Status (F (1,14) ϭ 33.38, p ϭ 0.00005) on burst number with no reliable effect of either Ex-9 or water deprivation on saline burst size. The results were similar when licking for water was analyzed. Specifically, we found a main effect of LV Drug on burst number (Fig. 2 E, F; F (1,14) ϭ 42.76, p ϭ 0.00001). There was, however, no effect of Fluid Status on number of bursts for water (F (1,14) ϭ 2.02, p ϭ 0.18). Consistent with the findings above and in previous studies (McKay and Daniels, 2013), we found no effect of LV Drug (F (1,8) 
Experiment 3: effect of water deprivation with and without subsequent water intake on circulating GLP-1
The experiments above demonstrate that blockade of GLP-1R increases fluid intake, but whether or not changes in GLP-1 occur with alterations of fluid state remained an open question. There was no effect of water deprivation with or without water intake on plasma GLP-1 ( Fig. 3; F (3,19) ϭ 1.31, p ϭ 0.3; n ϭ 6 -7 per group).
To provide a measure of comparison, we repeated the experiment using food-deprived and re-fed rats (n ϭ 11-12 per group). As described in Materials and Methods, we used two modestly different approaches. The results did not depend on the approach and the data were, therefore, combined for subsequent analysis. Rats that had access to food had greater levels of plasma GLP-1 than did rats in the deprived group ( Fig. 3 ; p ϭ 0.005).
Experiment 4: effect of water or food deprivation with and without subsequent intake on proglucagon and GLP-1R mRNA
The present results show that central administration of Ex-9 increased fluid intake, and that circulating GLP-1 was unaffected by manipulations of body fluid homeostasis, suggesting a central component in the control of water intake by GLP-1. We found that water deprivation alone did not alter proglucagon mRNA levels, but that proglucagon mRNA was significantly elevated 4 h after water-deprived rats were allowed to drink ( Fig. 4A; F (4,23) ϭ 4.74, p ϭ 0.006; n ϭ 5-6 per group). We found no similar changes in proglucagon mRNA in the ileum or in GLP-1R mRNA in either the NTS or ileum (Fig. 4 B-D; F (3,20) ϭ 2.82, p ϭ 0.07; F (3,19) ϭ 1.1, p ϭ 0.38; F (3,21) ϭ 1.66, p ϭ 0.21, respectively) . Effect of Ex-9 on water and saline intakes stimulated by WD-PR. Rats (n ϭ 15) were fluid deprived for 24 h (black bars) or were not fluid deprived (white bars), before 1.5 h access to water. Rats then were given an LV injection of vehicle or Ex-9 30 min before a twobottle intake test of 1.5% saline and water. A repeated-measures design was used so that all rats received all four treatment conditions, in balanced order, with at least 4 d between treatments. Ex-9 increased total saline (A) and water (B) intakes during the 2 h test in all rats regardless of water deprivation condition. Ex-9 increased the number of licking bursts for saline (C) and water (D) during the 2 h test. Ex-9 had no effect on the number of licks per burst for saline (E) or for water (F ). Asterisks indicate a main effect of Ex-9 versus vehicle (Veh; p Ͻ 0.05). Figure 3 . Effect of water and food intakes on circulating GLP-1. Rats (n ϭ 6 -7 per group) were deprived of water (gray bars) or food (black bars) for 24 h, or were not deprived (ND; white bar). Trunk blood was collected immediately after the deprivation period (0 min) or after subsequent access to water (10 min or 30 min; water-deprived rats) or food (30 min; food-deprived rats). There was no observed change in plasma GLP-1 after water deprivation or water intake, but there was an increase after food intake. Asterisks indicate difference from food deprived ( p Ͻ 0.05).
To see if water and food similarly engage the GLP-1 system, additional rats were food deprived and allowed or not allowed to re-feed. Similar to the effect of water intake, we found that food intake after deprivation caused an elevation of proglucagon in the NTS, but had no effect on GLP-1R. ANOVA revealed a significant effect on proglucagon mRNA in the NTS and post hoc analyses showed that unlike after water intake, the increased proglucagon mRNA occurred 1.5 h after food was returned and was no longer elevated by 4 h (F (3,18) ϭ 7.29, p ϭ 0.002; Student-NewmanKeuls post hoc). Also similar to the effect of water intake, there was no effect of Food Intake on GLP-1R in the NTS (F (3,19) ϭ 1.1, p ϭ 0.38) or on proglucagon (F (2,16) ϭ 0.51, p ϭ 0.61) or GLP-1R (F (2,16) ϭ 1.88, p ϭ 0.18) in the ileum.
Discussion
The GLP-1 system has been intensely studied recently for its role in energy homeostasis. It is, however, involved in other motivated behaviors including fluid and drug intakes (Navarro et al., 1996; Tang-Christensen et al., 1996; McKay et al., 2011; McKay and Daniels, 2013; Egecioglu et al., 2013a, b) . The precise role played by GLP-1 in these behaviors remains unclear, and whether the various behavioral effects are mediated separately remains an important open question. The present experiments generated the novel finding that the endogenous GLP-1 system is involved in the regulation of fluid intake, and highlights novel differences and similarities between the roles in fluid and food intakes. Specifically, administration of a GLP-1R antagonist increased fluid intake in dipsogenic and nondipsetic conditions, strongly suggesting that endogenous GLP-1 tone is maintained to suppress drinking both during times of elevated intake and during low intake. Moreover, we found that deprivation and subsequent intake increased proglucagon mRNA in the NTS, although water deprivation alone had no effect on the GLP-1 system, suggesting that the general tone of the GLP-1 system does not change as a function of motivation, but is altered upon consumption.
There are several notable comparisons to be made between the effects of water and food intakes on the GLP-1 system. Consumption of either water or food increased proglucagon mRNA in the NTS, suggesting that either form of ingestive behavior stimulates hindbrain GLP-1 production. We found no change, however, in GLP-1R mRNA in either the feeding or drinking experiment, indicating that the change in GLP-1 mRNA is not accompanied by a change in expression of the receptor in the same brain area. This means either that activation of the local receptor populations does not, in these cases, lead to changes in receptor expression, or that the changes occur in other regions. The similarities between the feeding and drinking conditions suggest at least some overlap in the circuits involved in the behaviors, but differences in the responses suggest that the overlap, if any, is incomplete. In contrast to the effect of fluid intake, which was isolated to the NTS, food intake increased both circulating GLP-1 and NTS proglucagon mRNA, indicating that food intake stimulates both 4 Figure 4 . Effect of water and food intake on proglucagon and GLP-1R mRNA in the NTS and ileum. Rats (n ϭ 5-6 per group) were deprived of water (gray bars) or food (black bars) for 24 h, or were not deprived (white bar). Brains were removed immediately after the deprivation period (0 min) or after subsequent access to water (0.5 h, 1.5 h, or 4 h; water-deprived rats) or food (1.5 h or 4 h; food-deprived rats). Proglucagon mRNA in the NTS was elevated 4 h after access to water, whereas proglucagon mRNA in the NTS was elevated 1.5 h after access to food (A). There was no effect of water or food intake on GLP-1R mRNA in the NTS (B), proglucagon mRNA in the ileum (C), or GLP-1R mRNA in the ileum (D). Asterisks indicate difference from non-deprived ( p Ͻ 0.05).
peripheral and central GLP-1, whereas water intake stimulates only central GLP-1. Furthermore, although food and water intakes elevated NTS proglucagon mRNA, the timing of the effects was different. Specifically, the observed increase occurred 4 h after water intake, whereas food intake caused a more rapid effect that was seen 1.5 h after consumption. The dissimilar timing may be related to the elevation of circulating GLP-1 levels after food intake, or may reflect differences in the route by which drinkingand feeding-related signals reach the brain. Nevertheless, the differences in the response, both in the location and in the timing, reveal novel separable elements of the GLP-1 system.
The present findings add to our understanding of the role of GLP-1 in the control of fluid intake by providing evidence that endogenous GLP-1 is involved in drinking termination. In support of this, lick analysis found that blockade of GLP-1R increased the number of bursts, but did not affect burst size, suggesting that under normal circumstances GLP-1 acts to suppress fluid intake by maintaining satiety (Spector et al., 1998; Smith, 2001 ). This suggestion is further supported by our previous studies showing that activation of the GLP-1R selectively suppresses burst number (McKay and Daniels, 2013) . Furthermore, there was no effect of water deprivation alone on proglucagon expression, and it was only when water was consumed that we saw increased production of GLP-1 mRNA, suggesting that GLP-1 is released upon consumption, thereby preventing further intake.
Several technical issues need to be considered before drawing conclusions about the intake effects of GLP-1. First, the stimulation of intake by Ex-9 may, as we postulate, reflect a reduction in the overall GLP-1 tone, or it may be due to inverse agonist-like properties of Ex-9. Specifically, basal activity of GLP-1R is suppressed by Ex-9 in the absence of GLP-1 (Serre et al., 1998) . Accordingly, it is possible that altered behavior after Ex-9 is independent of any endogenous GLP-1 tone. Second, although we found no change in plasma GLP-1 levels after manipulations in water intake, a small magnitude effect could have been obscured by rapid degradation of GLP-1 in circulation (Holst and Deacon, 2005) . The present studies clearly demonstrate, however, that any effect of water intake on peripheral GLP-1 is at least markedly less than the analogous effect of food intake. Third, our measures of proglucagon mRNA are used as a proxy for levels of GLP-1, and may not faithfully represent a similar increase, in direction or magnitude, of GLP-1. The region of the NTS sampled, however, is known to contain GLP-1-producing cells (Jin et al., 1988) and previous studies show a positive correlation between NTS proglucagon mRNA and central GLP-1 (Goldstone et al., 2000) . Therefore, it is likely that the observed increase in proglucagon after water intake reflects a similar elevation of GLP-1. Fourth, given the observed increase in circulating GLP-1, we were surprised by the lack of a concomitant change in proglucagon mRNA in the ileum. We, however, urge caution before using the results of these studies to conclude that food deprivation with re-feeding does not affect GLP-1 production in the ileum because the relatively small sample sizes here could have impeded detection of subtle effects. Indeed, other groups have reported an effect of energy balance on proglucagon in the ileum (Cani et al., 2007; . These other studies, however, used chronic dietary manipulation, which may have different effects than the acute intake used in the present studies. Finally, we observed what appeared to be an increase in NTS proglucagon mRNA when rats were food deprived, but not allowed to eat. This difference was not statistically significant, but we urge the same caution prescribed above given the relatively small sample sizes used in the experiment. The focus of our research is on the fluid intake relevance of the GLP-1 system, but we imagine that the hint of a difference may guide future studies by investigators more focused on food intake. These caveats notwithstanding, the results strongly support a role of the GLP-1 system in the control of fluid balance.
The precise means by which GLP-1 affects intake remains unclear, and future studies are needed to address this important issue. Our analyses of drinking microstructure provide some insight by showing that the fluid intake effects are more consistent with a role in satiety than with a role in altered hedonic value of the water and saline. It has been proposed that GLP-1 acts via a stress-induced reduction of intake, and that any increase in intake after GLP-1R blockade more directly reflects a decrease in the stress response to the injection itself (Maniscalco et al., 2012) . The present results, however, argue against this hypothesis, at least with respect to fluid intake, because the central injection itself did not decrease water intake. Furthermore, the findings suggest that the LV injection itself is not, in fact, a stressor because previous studies of stress and fluid intake found that either mild or severe stressors increase, rather than decrease, fluid intake (Deaux and Kakolewski, 1970; Vaswani et al., 1983; Bourjeili et al., 1995) . This does not discount a role of GLP-1 in stress, but it does suggest that any effect of GLP-1 on stress is separate from its effects on fluid intake.
In addition to a contribution of the stress response, it is also important to consider blood pressure effects on the interactions between ingestive behavior and the GLP-1 system. Indeed, increased blood pressure decreases water intake (Robinson and Evered, 1987) , and GLP-1R agonists stimulate a pressure response (Yamamoto et al., 2002) . Subtle differences in the ingestive and pressor responses to GLP-1R agonists, however, could argue against the idea that blood pressure is the critical factor connecting ingestion and the GLP-1 system. Specifically, after a similar dose of exendin-4, water intake is suppressed for an extended period of time, but the pressor effects are more limited in duration (Gardiner et al., 2006; McKay et al., 2011) . Therefore, it seems unlikely that any pressor effect is entirely responsible for the observed intake effects. Nevertheless, future studies are needed to determine the precise role that blood pressure may have in the observed effects.
In summary, we report, for the first time, that the endogenous GLP-1 system is involved in fluid intake control, and that GLP-1-producing cells in the NTS may be responsible for these effects. Furthermore, the behavioral differences likely reflect a satiating effect of endogenous GLP-1. Accordingly, this work contributes to the growing literature demonstrating that the GLP-1 system influences multiple consummatory behaviors. Perhaps most important for the development of future studies, we show that the GLP-1 system has separate elements that can be differentially engaged by water and food intakes.
